The thixoformability of new Al-Si-Cu alloys was evaluated and characterized by their microstructural and rheological behavior. Alloys Al1Si2.6Cu, Al2Si2.6Cu, Al4Si2.6Cu, and Al7Si2.6Cu were produced with the addition of Al5Ti1B grain refiner alloy. The materials were heat treated under two controlled conditions: holding times of 0, 30, 90, and 210 s and solid fraction of 45 and 60%. The evaluation of the microstructure and semisolid behavior was characterized by globule size, shape factor (SF), minimum stress to flow, maximum stress, and apparent viscosity. The heat treatment times promoted the globularization of solid phase particles to achieve better apparent viscosity results for the alloys treated for 210 s. Both 45 and 60% solid fraction showed no significant differences in terms of SF, but the alloys containing lower solid fraction showed better performance for apparent viscosity. Better working ranges for these new Al-Si-Cu alloys were determined reaching average strain of 0.5 MPa and apparent viscosity of 10 5 Pa s.
Introduction
When thixotropic materials are sheared they flow, when allowed to stand they thicken up again; their viscosity is shear and time dependent. Spencer et al. (Ref 1) first discovered that semisolid alloys, whose microstructure in the semisolid state consists of spheroids of solid surrounded by liquid, exhibit behavior similar to thixotropic materials. This particular microstructure is a requirement for semisolid processing. When such materials are allowed to stand, the spheroids agglomerate and viscosity increases, when these materials are sheared the agglomerates break apart and the viscosity decreases, allowing the shaping, given that it flows as soon as it is sheared displaying a viscosity similar to that of heavy machine oil or tooth paste. This behavior was investigated and well described by Flemings (Ref 2) and Kirkwood (Ref 3) .
In this scenario, despite the development of a wide variety of alloys based on iron (Ref 4, 5) , magnesium (Ref 6, 7) , and aluminum (Ref [8] [9] [10] , only the aluminum-silicon A356 and A357 alloys, as well as the magnesium alloys AZ91 and AM50, have been extensively used for thixoforming processes (Ref 11) . However, both these alloys are casting alloys, fitted to the thixoforming purpose. Thus, for semisolid processing there is a lack of specific alloys with small grain size, good fluidity, or low viscosity-vital metallurgical characteristics that lead to the best semisolid behavior (Ref 2, 3) . Therefore, the main goal of this work is to evaluate the thixoformability of Al-Si-Cu, particularly the Al1Si2.6Cu, Al2Si2.6Cu, Al4Si2.6Cu, and Al7Si2.6Cu alloys (in wt%), developing new semisolid materials (SSM) to fill some of these gaps, especially for thixoforging operations that use higher solid fractions, thereby helping to improve thixoforming processes. Copper content target was set at 2.6 wt% because this composition corresponding to 50% of the maximum amount of copper in solid solution at high temperature, i.e., at the semisolid range the copper is expected to be completely dissolved. In addition, these alloys could be easily submitted to T4/T5/T6 heat treatment to improve their mechanical properties after thixoforming. The maximum magnesium content was set at 0.45 wt%, as it is the expected amount in the traditional A356 and A357 alloys.
The main objective is to produce new SSM raw materials by the simplest and lowest possible cost method (consequently the grain refining procedure), which could also produce improved final mechanical properties, in comparison with the Al-Si alloys, hence the 2.6 wt%Cu, investigating the hypoeutectic range from the composition that indicates total silica solubilization (no eutectic phase) to the conventional and traditional silicon content of the Al7Si (A356/A357) alloys, which results in the eutectic composition of 50%.
Experimental Procedure
The methodology to evaluate the thixoformability of the new Al-Si-Cu alloys is based on four steps: (a) thermodynamic analysis of the solid to liquid transition of the alloy; (b) fabrication of the alloys and characterization of its initial microstructure; (c) evaluation of the microstructure stability at the semisolid range, and (d) their results in the rheological behavior following a methodology developed in previous papers (Ref [12] [13] [14] [15] . The thermodynamic evaluation used Thermo-Calc Ò simulation software. For the microstructure, the conventional metallography was used to characterize the globule size (GS) and its shape factor (SF), while the rheological behavior was characterized in terms of stress/strain and apparent viscosity/shear rate by compression tests. The goal is to achieve a condition where the solid to liquid transition is easily controllable and with small changes in globule size and shape, resulting in low viscosity variation during thixoforming in order to achieve the best process control. In thixoforming operations, the billet is heated up to the semisolid state using time-controlled systems, rather than temperature control, i.e., the billet reaches the desired temperature within a time window, and changes in the morphology of the remaining solid could lead to changes in the corresponding rheology, harming the process.
To this end, two test conditions were chosen, at 45 and 60% of solid fraction, and the alloys were then submitted to re-heat treatment at these temperatures for 0, 30, 90, and 210 s holding times. The objective is to characterize the material at low and high liquid fraction, worst and better scenario for thixoforming, as well as its stability at the semisolid temperature. The experimental procedure was divided into four categories: thermodynamic evaluation, alloys production, heat treatments at the semisolid state, and semisolid behavior evaluation.
Thermodynamic Evaluation
The phase diagram can be created for those alloys using the Thermo-Calc Ò software. Figure 1 shows the pseudo-binary diagram for the Al-Si-Cu alloys taking into account 0.45 wt%Mg and 2.6 wt%Cu. Al FCC , Al 2 Cu, and Al 5 Cu 2 Mg plus silicon can coexist at low temperatures. In fact, part of the Al FCC coexists with silicon in the lamellar eutectic structure. Increasing the temperature can solubilize the Al 2 Cu, hence leading to a range where Al FCC , Al 5 Cu 2 Mg, and silicon are the most important components. The effect of the combined magnesium and copper increases the melting range of the eutectic Al FCC -silicon, lowering the temperature for the melting to begin. After the eutectic melts, the melting of Al FCC begins. The entire semisolid processing should be done at temperatures that can reach this area, characterized by the competitive growth, due the intrinsic instability of the eutectic melting (or solidification in the case of rheocasting operations).
From the thermodynamic evaluation of the pseudo-binary phase diagram it was observed that in order to properly apply the thixoforming process of these hypoeutectic alloys, it is necessary to reach a temperature where Al FCC coexists with the liquid rich-silicon, however, the semisolid behavior will depend on the morphology and shape of the remaining solid. The consequent viscosity is expected to decrease with temperature increase, due to the decreasing solid fraction.
The silicon content target was 1, 2, 4, and 7 wt% due to: low silicon, 1 and 2 wt% are close to the commercial alloys AA606X; average silicon, 4 wt% is the intermediary composition, and the high silicon, 7 wt% is the expected content in the A356/A357 alloys. Furthermore, the working temperatures for each alloy were determined using the Thermo-Calc Ò thermodynamic simulation software. The method adopted was based on non-equilibrium solidification employing the Scheil model. Figure 2 shows the transformation for the Al-Si-Cu. Numbers 1 to 7 refer to the silicon content in wt%.
Alloys Production
The aluminum alloys evaluated in this work were produced by conventional casting employing raw materials A356 alloy, commercial pure Al alloy, Mg10Al alloy and commercial pure Cu alloy, which were melted in adequate proportions in a SiC crucible with 7 kg of capacity in an electrical furnace at 750°C and then poured into metallic molds to produce about 16 ingots of each alloy (220 mm length and 30 mm diameter). The method adopted to obtain a non-dendritic structure was grain refining with the addition of Al-Ti-B master alloy (Al5Ti1B) up to approximately 0.2 wt%Ti. An acceptable deviation range of ±0.3 wt%Si, ±0.3 wt%Cu, and ±0.15 wt%Mg was used. In this case, the objective was to produce all the raw materials using the lowest cost production method, i.e., the traditional grain refining.
Chemical composition was determined by a Rigaku RIX3100 x-ray fluorescence. The thermodynamic simulation software Thermo-Calc Ò was used to produce the phase diagram for those alloys taking into account the amount of magnesium and copper content. The grain-refined samples were polished up to 0.3 lm and etched with 1% HF for microstructure analyses, in a Leica DM ILM optical microscope, to determine the output variables globule size (in fact the primary dendritic arm spacing) employing the ASTM E112 (Ref 16) method and Ò simulation software for all Al-Si-Cu alloys. Numbers 1 to 7 refer to the silicon content in wt% shape factor as a relationship between particle area and square perimeter.
Heat Treatments in the Semisolid State
Heat treatments aim to promote partial or total globularization of the alloys; thus the microstructural stability can be evaluated, to then correlate these characteristics with the rheological properties of these materials. Treatments were performed in an electrical furnace using 15 mm in length and 20 mm diameter samples taken from the ingots, produced according to section 2.1. A thermocouple inserted into the sample was responsible for temperature indication. The samples were heated to the semisolid state for 0, 30, 90, and 210 s holding times at 45 and 60% of solid fraction and were then quenched in water to freeze the microstructure. Heat treatments were performed following a factorial experimental design with three design variablessilicon content (with four levels), solid fraction (with two levels), Table 1 Working temperatures for solid fractions of 45 and 60% of each alloy as well as its solidus and liquidus temperature, temperature range, target temperature, and liquid sensitivity (df L /dT) and holding time during heat treatment (with four levels) and replicating the experiments twice.
Semisolid Behavior Evaluation
Compression tests performed at high temperatures to determine the output variables strain and apparent viscosity of the alloys are based on the groundbreaking paper of Laxmanan and Flemings (Ref 17) . This method was chosen based on its high operability. The tests were performed under the same temperature and time conditions as those applied in the characterization of the morphological evolution. The tests were performed on an MTS 810 Universal Testing Machine (load capacity of 100 kN) with a resistance furnace attached to the machine shaft (maximum working temperature of 1200°C), using Inconel 718 parallel plates and keeping the deformed volume constant (V in m 3 ). The specimens used were 15 mm in height (H 0 in m) and 20 mm in diameter. A constant 0.010 m/s compression rate (dH/dt), without any lateral constraint, reduced the test to 1 s. The result obtained was force (F in N) versus displacement (H in m) and time (t in s) that could be converted into stress (r in MPa) versus strain (e dimensionless or in %) using the equations:
As well as viscosity (l in Pa s) versus shear rate ( _ c in s
À1
): 
Microstructural and semisolid behavior characterization tests were performed following the same factorial design used in the heat treatments but repeating the experiment three times. The goal is to determine the rheological behavior as well as the stability of the material in the semisolid state. Thus, rheological behavior independent of the soaking time is desired for a good process control.
A simple concept is used to better evaluate the semisolid behavior, the minimum stress to flow (r MSF ), a concept derived from the yield stress for solid materials obtained from the parallel line positioned at 0.05 strain (or 5% strain), for the SSM evaluation [see Proni et al. (Ref 18) ], which represents the stress necessary to overcome the initial resistance to flow, due to the fragile interconnections among the particles. The maximum stress (r MAX ) obtained at the end of compression, which in this case is 0.65 strain (or 65% real deformation). The apparent viscosity (l AP ) is evaluated from the viscosity versus shear rate curve after the point corresponding to the r MSF , i.e., Fig. 6 Microstructures of heat-treated Al4Si2.6Cu alloys after 0.05 strain. In fact the values considered for each curve at 0.5 s À1 shear rate correspond to the 0.1 or 10% strain, i.e., when the breakup of the above mentioned interconnections is completed and the material is flowing.
Results and Discussion

Thermodynamic Evaluation
Using Fig. 2 , the working temperatures can be determined. Table 1 shows the expected temperature to reach 45 and 60% of solid fraction, all within the Al FCC + liquid range. This table also illustrates the necessary thermodynamic criteria proposed by Liu et al. (Ref 19) to classify one specific alloy as thixoformable raw material. The temperature range for complete solidification (DT) is expected to be lower than 130 K (or 130°C) to avoid solidification shrinkage, thus only Al4Si2.6Cu and Al7Si2.6Cu are fitted to the thixoforming purpose, but the final solidification in the thixoforming process is done under high pressure, decreasing the number of defects due to the shrinkage effect. Despite this, Al1Si2.6Cu and Al2Si2.6Cu did not match the criteria for only 9 and 3°C. Although the most important criterion is the liquid sensitivity, (df L /dT), characterized by the differential of the solidusliquidus curve at the target temperature [in this case this paper proposes an adaptation of the original criteria, as previously presented (Ref 20) ]. This criterion indicates the facility/ difficulty of the process control, i.e., a good thixoforming operation requires small changes in the amount of solid/liquid content according to temperature variations. Therefore, Liu et al. (Ref 19) propose that the maximum permissible variation should be lower than 3% by K (or £ 0.030°C À1 ). Thus, all alloy tests are expected to present good thixoformability, especially Al4Si2.6Cu.
Alloy Production
All aluminum alloys were produced within the acceptable deviation range of ±0.3 wt%Si, ±0.3 wt%Cu, and ±0.15 wt%Mg used. The goal was to produce semisolid raw material via the lowest possible cost method, i.e., grain-refining. Table 2 shows the compositions obtained. Figure 3 shows the as-cast microstructures for all alloys tested. The goal is to achieve the smallest possible primary particle size and most globule shapes. Thus, Fig. 3(a) and (b) shows the primary phase with rosette and almost globular shape, while Fig. 3(c) shows the prevalence of rosettes. Figure 3(d) shows a completely dendritic microstructure for the Al7Si2.6Cu alloy. Qualitatively speaking, an increasing primary phase size was observed as 1 wt%Si to 7 wt%Si, which can be explained by the inhibiting nature that high silicon contents promote on the Al-Ti-B grain refiner in alloys due to the decrease in solidification intervals as a result of the increasing solute content and/or tendencies to precipitate Ti-Si compounds that remove Ti from the melt (Ref 21) . In addition, a higher amount of porosity can be seen for 1 wt%Si and 2 wt%Si alloys-here, the small amount of silicon content has great influence, as during solidification it causes a lack of fluidity and high shrinkage (Ref 22) . Although, from the metallurgical point of view, all low silicon alloys seem to be suitable for thixoforming. Fig. 4 show globular grains with high globularization levels at holding time of 0 s for both 45 and 60% solid fraction, as well as a slight increase in globule size during morphological evolution from 0 s up to 210 s. Figures 5 and 6 exhibit the Al2Si2.6Cu and Al4Si2.6Cu alloys, respectively, showing very spheroidized Figure 6 shows globules that are bigger than those in Fig. 4 and 5, due to the effects of silicon contents on the grain refiner alloy, as expected. The Al7Si2.6Cu alloy in Fig. 7 shows dendritic microstructure during morphological evolution for any holding time or solid fraction, and exhibited the biggest globule size in comparison to 1, 2, and 4 wt%Si alloys-high silicon contents inhibited the effects of Al5Ti1B grain refiner alloy, as mentioned. High silicon contents are also responsible for non-globularization of Al7Si2.6Cu alloys since the increasing solute content causes the constitutional super cooling to increase, and then the destabilization of the solid/liquid interface during solidification, which promotes dendritic growth, suppressing the desired globularization effects.
Heat Treatments in the Semisolid State
The microstructure analysis also includes the determination of globule size and shape factor. In this paper, the shape factor was the circularity, which close to ''1'' represents a more perfectly symmetric circle. Table 3 presents globule size and shape factor values for all conditions analyzed. Table 3 shows the increasing of GS with the increasing of silicon contents (from 1 to 7Si) and also with the increasing of holding times (from 0 to 210 s), clearly demonstrating the effects of coalescence and Ostwald ripening. There was an SF increase value for Al2Si2.6Cu alloys compared with Al1
Si2.6Cu, and practically the same values for the Al4Si2.6Cu alloys. Nevertheless, Al1Si2.6Cu SF values presented the lowest standard deviation compared with Al2Si2.6Cu, approximately 5% less-these results indicate that increasing silicon contents from 2 to 4 wt%Si represent considerable gains in terms of microstructural homogeneity, very important characteristic during semisolid processing. Al7Si2.6Cu alloy showed the highest GS values with the lowest SF values due to the dendritic microstructure, which is believed to be the highest unsuitable composition for thixoforming.
The factorial experimental design performed during the tests provides the design variables effects (silicon content, solid fraction, and holding time) on the output variables (GS and SF). Figure 8 shows the main effects of each design variable on GS and SF. Figure 8 shows that the GS increase is mostly affected by silicon content, increasing with the increase of silicon. As mentioned earlier, this occurs due to the inhibiting nature that high silicon contents promote on the grain refiner. But there is also the influence of solid fraction and holding time on the globule size-increasing solid fraction or holding time tends to increase GS, which is in accordance with coalescence and Ostwald ripening phenomena. 60% solid fraction promotes larger globule sizes when compared with 45% solid fraction due to coalescence phenomena, favored at higher solid fractions once there is more contact between the solid particles. Figure 8 also shows that SF, as well as GS, is mostly affected by silicon content but in contrast it is practically not affected by solid fraction and is only somewhat affected by holding time, which increases about 20%-from 0 to 210 s. The Al7Si2.6Cu alloy exhibited a dendritic microstructure, resulting in SF of about 0.30, while alloys with Al2Si2.6Cu and Al4Si2.6Cu exhibited better performance with globular microstructure and SF of about 0.65. For the Al1Si2.6Cu alloy, very low eutectic contents due to small amounts of solute were responsible for numerous interconnections between globules, which limited circularity by about 0.50 despite the good globular microstructure of these alloys.
Semisolid Behavior Evaluation
Figures 9, 10, 11, and 12 show the rheological behavior, in terms of stress versus strain (a) and (c) and the corresponding viscosity versus shear rate (b) and (d) in the semisolid state for all the alloys tested. As can be seen, the stress necessary to deform the semisolid structure is highly dependent on the primary phase morphology. Alloys that exhibited a high degree of globularization at the semisolid state, i.e., the 1, 2, and 4 wt%Si alloys, generate low stress for metal forming. In fact, for these low silicon alloys the stress was lower than 1 MPa for all conditions tested, even for the 60% solid fraction condition. Still, for these structures and solid fraction the semisolid behavior is the classical one observed by Liu et al. (Ref 24) : there is an initial resistance in order to cause the breaking of the skeleton structure and as the strain is continued to be applied, the stress decreases to a minimum level and continues until the 50/55% strain. The stress will achieve its maximum at the maximum strain applied to the material, i.e., 65% true strain. The high silicon alloy (Al7Si2.6Cu), however, shows a different behavior: due to the prominent dendritic structure, even at 45% of solid fraction (55% liquid), there is no effective breaking of the dendritic skeleton and the behavior, under compression test, is similar to that observed in solid materials, with non-linear but continuous increasing of the stress with strain.
The corresponding behavior was observed at the viscosity versus shear rate curves (b) and (d). There is an initial stage where the dendritic skeleton and/or the fragile interconnections between different particles breaks apart, and after the breaking the material flows with almost no significant changes in viscosity as the shear rate increases. In fact the behavior is similar to the Newtonian fluids (at these temperature and conditions). This quasi linear behavior is a key feature for thixoforming processes since it indicates that the die filling is continuous and homogeneous. Again, only the Al7Si2.6Cu produced by grain refining exhibited a different behavior compared with the low silicon alloys, as explained earlier.
As previously mentioned, in order to better evaluate the semisolid behavior the minimum stress to flow (r MSF ) is used, as well as the maximum stress (r MAX ) and the apparent viscosity (l AP ) (Ref 18) . Table 4 shows the data for all conditions tested. It was observed that r MSF decreases with the increasing of silicon content from 1 to 4 wt%Si, in accordance with that observed for microstructure characterization where 4Si showed better performance than 2Si which in turn is better Fig. 11 Rheological behavior in terms of stress vs. strain, as well as viscosity vs. shear rate for the Al4Si2.6Cu at 45 and 60% solid fraction (Color figure online) than 1Si; more globular and homogeneous structures result in low strain values. The high stresses necessary to start the deformation of Al7Si2.6Cu alloys are highlighted: dendritic structures request four or five times the stress of the globular structures. Moreover, the consequent r MAX exhibited similar behavior.
Apparent viscosity decreases with the increasing of silicon content and with the decreasing of fraction solid. This behavior confirms what was discussed for stress-increasing silicon content up to 4 wt% and set solid fraction at 45% results in decreasing apparent viscosity due to two primordial factors: more globular and homogeneous structure characteristics and high eutectic content (with less solid particles) possibly improving the lubrication between solid particles during semisolid processing. 7SiSi2.6Cu alloys are obviously an exception due to dendritic microstructures that promote considerable increases for both strain and viscosity.
Also, when holding time is increased from 0 to 210 s the semisolid behavior, in terms of r MSF , r MAX as well as l AP , increased due to better globularization conditions (better shape factors as presented in Fig. 8 . Higher solid fraction caused higher apparent viscosity levels as discussed earlier-less liquid and then worse lubrication between solid particles.
Al7Si2.6 alloys exhibited the worst performance for stress and apparent viscosity, similar to that for microstructure characterization-in the case of apparent viscosity, which presented levels ten times higher than the other alloys. It is evident that the globular, instead the dendritic morphology is the key factor for a good semisolid behavior during thixoforming. Moreover, it is important to state that any apparent viscosity level reached for 1, 2, and 4 wt%Si alloys was higher than 5 9 10 5 Pa s, which according to Flemings (Ref 2) is equivalent to glass working range, i.e., very low levels. Figure 13 shows the main effects of design variables, silicon content, solid fraction, and heat treatment holding time on the minimum stress to flow, maximum stress and apparent viscosity output variables, respectively. For the production method chosen for this paper, the conventional grain refining casting with the silicon content is in fact the most relevant design variable for the r MSF , r MAX as well as l AP performance. There are considerable increases in the r MSF and r MAX for the 7Si alloy, with levels almost four/five times higher than 1, 2, and 4Si alloys. There are practically no variations in stress levels for 1, 2, and 4 wt%Si alloys. Solid fraction acts by increasing stress levels from 45 to 60% due to more solid-solid contact during semisolid processing and the increasing holding time from 0 to 210 s resulted in lower stress levels due to better morphological features, as previously observed.
Holding times of 30 and 90 s presented the same values for r MSF , r MAX as well as for l AP thereby suggesting that these times are sufficient to promote a complete globularization of the alloys. Despite the 210 s holding time, it promoted not only better stress levels but also better shape factor, as seen in Table 3 and Fig. 8 , the interval of 30 to 90 s soaking seems to be a good and reliable process window. Figure 13 again shows that silicon content is the most relevant design variable for the semisolid behavior of the proposed alloys, produced by grain refining. 1, 2, and 4 wt%Si alloys showed l AP at similar levels of about 1.5 to 3 9 10 5 Pa s, while 7Si alloy presented l AP almost five times higher with levels of about 12 9 10 5 Pa s. Solid fraction and holding time showed the same behavior that was observed in the stress analysis, with best performances reached for 45% solid fraction and for holding times of 210 s due to the same reasons. The best thixotropic structures were found for samples heat treated at higher holding times, resulting in the better performance of its alloys (i.e., lower l AP levels), exactly the same that occurred for all characterizations discussed, microstructural or semisolid rheological. It clearly shows the influence of silicon content and solid fraction on the performance of alloys in terms of stress and l AP as well as the influence of higher holding times due to the better morphological features reached, especially due to the Ostwald ripening and coalescence phenomena during the morphological evolution of these alloys under the proposed test conditions.
In addition, analytical characterizations clearly point out that far more relevant than high eutectic levels to lubricate the primary phase during semisolid processing are the morphological parameters of the alloy, such as globule size and shape factor. The goal is to minimize the former and maximize the latter.
Relationship Between Output Variables
This last section discusses the relationship between output variables focusing on how the microstructure variables, grain size, and shape factor can be related to the semisolid processing, output variables, minimum stress to flow, and apparent viscosity. The aim is to reach an optimized operational range that shows the best options in terms of semisolid behavior in the studied Al-Si-Cu alloys, with silicon content ranging from 1 to 7 wt%, solid fraction between 45 and 60% and holding time during heat treatment between 0 and 210 s. Figure 14 presents those results, i.e., the average data obtained for all the measured data. The graphics are quite conclusive about the relationships discussed about silicon content, solid fraction, and holding time and its influence on the r MSF -it is evident that better performance is reached for alloys with higher shape factor and lower globule size. Figure 14 also shows that with specific shape factor and globule size values there are minimal variations for r MSF , enabling to conclude that this is the ideal range for thixoforming these materials. For shape factor ranging from 0.47 onwards, the r MSF did not exceed 0.35 MPa for any composition, solid fraction, or holding time for any of the proposed alloys in this paper-thus, alloys with 0.47 shape factor or higher will probably present an r MSF that is lower than 0.35 MPa during semisolid processing. Likewise, in the case of globule size, at 100 lm or less the r MSF will also not exceed 0.35 MPa for any design variable proposed. Incidentally, only the dendritic 7 wt%Si did not show a shape factor higher than 0.47 and globule size less than 100 lm, despite being the only alloy that is commercially common in thixoforming processes. Figure 14 also shows that lower l AP is reached for alloys with higher shape factor and lower globule size values. For shape factor value of 0.47 or higher and for globule size of 100 lm or lower, in the tested conditions the l AP did not exceed 4.5 9 10 5 Pa s. Therefore, 1, 2, and 4Si alloys exhibited shape factor and globule size within the reference range, strongly suggesting that these alloys are suitable for thixoforming processes, exhibiting r MSF of about 0.35 MPa and apparent viscosity of about 4.5 9 10 5 Pa s.
Conclusions
Thixoformability of new Al1Si2.6Cu, Al2Si2.6Cu, Al4 Si2.6Cu, and Al7Si2.6Cu alloys produced by grain refining with the addition of Al5Ti1B master alloy was evaluated and the main conclusions are: the initial microstructure is the key feature in semisolid processing. Initial refined and small grain size favored the consequent rheological behavior in the semisolid state. The poisoning effect of the silicon impairs the utilization of chemical grain refiners as a method to produce semisolid raw materials, although low silicon copper alloys can be easily produced, and due to the low stresses (lower than 0.35 MPa) and the low viscosity (lower than 4.5 9 10 5 Pa s) achieved in the semisolid state it can be used as thixoformable raw material.
For these low silicon copper alloys, globule size increases with the increasing of silicon contents and also with the increasing of holding times, clearly demonstrating the effects of coalescence and Ostwald ripening. Increasing the solid fraction tends to increase globule size, also in accordance with related phenomena. 60% solid fraction promotes larger globule sizes when compared with 45% solid fraction due to coalescence phenomena, which are favored at higher solid fraction once there is more contact between solid particles. Shape factor increases with the increasing of silicon content from 1 to 4 wt%Si and the Al4Si2.6Cu alloy presented higher shape factor values with lower standard deviation, hence considerable gains in terms of microstructural homogeneity, very important characteristic during semisolid processing. The minimum stress to flow and the maximum stress decrease with the increasing of silicon content from 1 to 4 wt%Si, in accordance with that observed for microstructure characterization where 4 wt%Si had the best performance-more globular and homogeneous structure, result in low strain values. In some cases, 4Si exhibited stress about 50% lower than 1 and 2 wt%Si alloys.
Apparent viscosity decreases with the increasing of silicon content and with the decreasing of fraction solid. Increasing silicon content up to 4 wt% and solid fraction set at 45% result in decreasing apparent viscosity due to two key factors: more globular and homogeneous structure characteristics and more eutectic contents (with less solid particles) that possibly improved lubrication between solid particles during the semisolid processing;
And lastly, the best condition was found for alloy Al4Si2.6Cu which showed the best combination between the several parameters analyzed (higher shape factor with lower globule size, low stresses, and low apparent viscosity), although under the right conditions alloys Al1Si2.6Cu and Al2Si2.6Cu could be also suitable for thixoforming processes.
